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(54) DIELECTRIC BARRIER DISCHARGE LAMP LIGHT SOURCE 



(57) To provide dielectric-barrier discharge lamp 
light source equipment that can produce eximer mole- 
cules efficiently and operate efficiently as a vacuum ul- 
traviolet radiation source. 

A dielectric-barrier discharge lamp 1 is lit by im- 
pressing high-frequency, alternating current voltage 
from a power supply 8 that comprises a transformer Tr 
and a high-frequency power supply of the bridge, push- 
pull or fly-back type. At that time, the voltage is im- 
pressed so that after passing the point in time when the 
voltage value to start a dielectric-barrier discharge is 
reached, there is period of less than 3 \is from the largest 
voltage value to the next largest voltage value. It is also 
possible to impress the voltage on the dielectric-barrier 
discharge lamp 1 for a period of less than 2.1 u.s from 
the voltage value at which the dielectric-barrier dis- 
charge commences until the maximum voltage value in 
the next round of voltage impression. 



FIG. 1 
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Description 

Field of Technology 

[0001] This invention concerns light source equipment that includes what is called a dielectric-barrier discharge lamp, 
which is a type of discharge lamp used, for example, as a source of ultraviolet radiation for photochemical reactions, 
in which eximer molecules are formed by dielectric-barrier discharge, and which uses light emitted from the excimer 
molecules. 

Background of Technology 

[0002] Technical literature explaining the technology involved in the dielectric-barrier discharge lamps with which 
this invention is concerned can be found in, for example, JPO kokai patent report H2-7353. This document describes 
an emitter that produces light by causing the formation of eximer molecules by means of a dielectric barrier discharge 
in a discharge chamber filled with a discharge gas that forms eximer molecules, and using the light radiated by those 
eximer molecules (a dielectric barrier discharge is also known as ozonizer discharge or silent discharge; see Denki 
Gakkai, "Discharge Handbook," revised edition, 7th printing, June 1989, p. 263). 

[0003] Dielectric-barrier discharge lamps have a discharge plasma space and one or two dielectrics sandwiched 
between electrodes. Figure 1 9(a) shows a dielectric-barrier discharge lamp 1 with two dielectrics 5, 6. In figure 1 9(a), 
by the way, the lamp seal 7 also serves as two dielectrics 5,6. 

[0004] When lighting up the dielectric-barrier discharge lamp 1 , a high-frequency, alternating current of, for example 
1 0 to 200 kHz and 2 to 1 0 kV is imposed on the electrodes 3,4. 

[0005] However, because of the dielectrics 5,6 between the discharge plasma space 2 and the electrodes 3,4, current 
does not flow directly from the electrodes 3,4 to the discharge plasma space 2; the current flows by means of the action 
of the dielectrics 5,6 as a condenser. In other words, a charge equal in size and opposite in sign to that on electrodes 
3,4 is induced on the discharge plasma space side of the dielectrics 5,6 because of polarization of the dielectric. The 
discharge occurs between the dielectrics 5,6 that face across the discharge plasma space 2. 

[0006] Little current flows along the discharge plasma space 2 side of the dielectrics 5,6; when discharge occurs, 
the charge induced on the discharge plasma space 2 side of the dielectrics 5,6 is neutralized by the charge moved by 
the discharge, and the electrical field within the discharge plasma space 2 is reduced. For that reason, the current 
stops even if the voltage continues to be impressed on the electrodes 3,4. But when the voltage impressed on the 
electrodes 3,4 rises again, the discharge current continues. 

[0007] When the discharge ceases after having occurred, there is no further discharge until the polarity of the voltage 
impressed on the electrodes 3,4 has reversed. 

[0008] In the case of a dielectric-barrier discharge lamp in which xenon gas, for example, is seated, the xenon gas 
is dissociated into ions and electrons by the discharge, and becomes xenon plasma. When the xenon plasma is excited 
to a specified energy level, eximer molecules are formed within the plasma. Xenon eximers divide after a certain 
lifespan, but the energy released at that time is emitted as a photon of vacuum ultraviolet wavelength. To make a 
dielectric-barrier discharge lamp work efficiently as a vacuum ultraviolet light source, it is necessary to form the eximer 
molecules efficiently. 

[0009] The greatest obstacle to efficient formation of eximer molecules during discharge is the excitation of the dis- 
charge plasma to energy levels that do not contribute to the formation of eximer molecules. 

[001 0] The movement of discharge plasma electrons immediately after discharge begins is collective, and the energy 
is high but the temperature is low. In this state, the discharge plasma has a high probability of transition to the resonant 
state required for formation of eximer molecules. If the discharge time is prolonged, however, the movement of the 
plasma electrons gradually becomes thermal. That is, it reaches a state of thermal equilibrium known as a Maxwell- 
Boltzmann distribution; the plasma temperature rises, and there is an increased probability of transition to a state of 
higher excitation where eximer molecules cannot form. 

[0011] Moreover, sometimes when eximer molecules have been formed, a subsequent discharge will break down 
the eximer molecules before their -lifespan elapses and they divide naturally by emitting the desired photon. In fact, 
in the case of xenon eximers, a period of about 1 p.s is required between the beginning of discharge and emission of 
a vacuum ultraviolet photon, and a subsequent discharge or redischarge during that period reduces the efficiency of 
eximer light emission. 

[0012] In other words, once discharge had commenced, it is most important to reduce as much as possible the 
energy of subsequent discharges. 

[0013] Even in the event that the discharge time is short, if the energy injected during the discharge period is too 
great, there is similarly an increased probability of transition to a state of high excitation. Plasma that has transitioned 
to a state of high excitation moderates itself by emission of infrared radiation, which just raises the temperature of the 
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lamp and does not contribute to eximer light emission. 

[0014] That is, the discharge must be driven so as to suppress the excitation of discharge plasma to energy levels 
that do not contribute to the formation of eximer molecules. That point is one that cannot be satisfied by conventional 
dielectric-barrier discharge lamp light source equipment. 

5 [0015] JPO kokai patent report H1 -243363 is a proposal to achieve eximer light emission with high efficiency by 
means of all pulse discharges, including dielectric-barrier discharges. This follows the condition stated above that once 
a discharge has begun, the energy of the subsequent discharge is reduced as much as possible. However, what is 
described in this proposal is which parameters to control to increase the efficiency of eximer light emission; there is 
no specific mention of the effective conditions for those parameter values. Particularly in the case of dielectric-barrier 

10 discharges, there is little freedom for control of the voltage that has to be impressed and the current that has to be 
injected into the discharge plasma space through the dielectric, and it is extremely difficult to discover the optimum 
conditions. 

[0016] There are proposals to improve the efficiency of dielectric-barrier discharge lamps, such as JPO patent report 
H8-508363 (US patent 5,604, 410). However, these reports say nothing about specific items that are truly effective in 
15 achieving control of the excitation of discharge plasma to energy levels that do not contribute to formation of eximer 
molecules, so as to form eximer molecules efficiently. There are descriptions of the results of experiments on variation 
of brightness relative to variation of impressed voltage, in connection with frequency and duty cycle, with regard to 
short pulse arrays and short waveforms, as well as explanations of improvement of efficiency relative to conventional 
sinewave drive. 

20 [0017] Actual power supplies, however, include high-voltage transformers, and are unable to impress ideal short 
pulse arrays and short waveforms; because of interaction of the output impedance of the power supply and the im- 
pedance of the lamp, the waveform lacks precision, and partial resonance causes a sinewave voltage to be impressed. 
[0018] In the event of discrepancies from ideal short waveforms in such actual power supplies, unless it is clear what 
degree of discrepancy is allowed, it is not possible to design or manufacture practical light source equipment econom- 

25 ically. 

[0019] This invention was made in consideration of the situation described above; Its purpose is to provide dielectric- 
barrier discharge lamp light source equipment that can produce eximer molecules efficiently and operate efficiently as 
a vacuum ultraviolet light source. 

30 Presentation of Invention 

[0020] In order to form eximer molecules efficiently, which is the task of the invention of this application, the excitation 
of discharge plasma at energy levels that will not contribute to the formation of eximer molecules is controlled. To 
accomplish that, once the voltage impressed on the lamp has climbed at a limited rate of ascent, reached the voltage 
35 for the commencement of discharge and started the discharge, then the discharge should be stopped as quickly as 
possible. 

[0021] Operation of the electrical circuitry of the dielectric-barrier discharge lamp 1 is explained by figure 19(b). As 
shown in figure 19(b), the discharge path of the discharge plasma space 2 continues in series with a resistor 10 and 
a switch 11 . The dielectric-barrier discharge lamp 1 has dielectrics 5,6 between the electrodes 3,4 and the discharge 
40 plasma space 2, and it functions as a condenser within the electrical circuitry. In the event that there are two pieces of 
dielectric, however, the two condensers can be thought of as a single condenser 13. 

[0022] Because the structure has this condenser inserted in series with the discharge plasma space 2, discharge 
current flows through the dielectric-barrier discharge lamp 1 only for a period immediately after the change in polarity 
of the voltage impressed on the lamp, and a non-discharge period occurs naturally, even without impressing voltage 
45 on the lamp as a pulse voltage that has a rest period that is essentially zero voltage. 

[0023] Moreover, discharge does not occur until the voltage of the discharge plasma space 2 reaches the voltage 
for the commencement of discharge. 

[0024] The discharge plasma space 2 itself forms a condenser 12, and when discharge begins, almost all the energy 
stored in this condenser is expended, and so once the discharge begins, there is no need for additional current to the 
50 dielectric-barrier discharge lamp 1 from the power supply. 

[0025] The unit area of the lamp wall surface is considered next. 

[0026] The voltage for the commencement of discharge is decided almost automatically when the gas pressure and 
the discharge gap are decided. And because the size of the discharge gap determines the static capacity C1 of the 
condenser 12 formed by the discharge plasma space, the minimum energy that can be put into the plasma between 
55 the commencement and completion of a single discharge is the energy of a full discharge of the charge stored in the 
condenser 1 2 formed by the discharge plasma space. That determines the constitution of the lamp. 
[0027] It was stated above that in order to form eximer molecules efficiently, the excitation of discharge plasma at 
energy levels that will not contribute to the formation of eximer molecules is controlled. That control is best achieved 
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through the conditions for discharge of that minimum energy. 

[0028] However, the conditions for discharge of that minimum energy can be realized in an ideal fashion by very 
slowly raising the voltage impressed on the lamp, and then discharging it, using a power supply with an output imped- 
ance that is quite large. 

[0029] There are, however, problems in applying such a power supply in an actual light source. 

[0030] The first problem is that when the output impedance is large, it is not possible to operate fast enough to 

discharge in cyclical repetitions. 

[0031] The second problem is that under conditions for discharge of the minimum energy, there will be a lack of 
uniformity of discharge within a single lamp because of a lack of positional uniformity of the discharge gap within the 
lamp. 

[0032] Accordingly, using a power supply that has the small output impedance that can realize the necessary volume 
of light, in order to have a practical light source that produces uniform discharges over the full surface of the dielectric- 
barrier discharge lamp, it is necessary to raise the voltage impressed on the lamp beyond the minimum energy con- 
ditions for discharge. However, the degree to which the voltage impressed on the lamp is raised should be held below 
the range that would allow a drop in the efficiency of eximer light emission. 

[0033] That is, the peak value of the voltage impressed on the lamp should be based on the lowest value at which 
the lack of discharge uniformity can be ignored practically, and should be held to 2 times that lowest value, preferably 
1 .5 times the lowest value. Or to base it on the lowest value for maintaining the discharge, it should be held to 3 times, 
preferably 2.5 times that lowest value. Now, when the lamp power is increased, it is done not by raising the voltage 
impressed on the lamp, but by increasing the drive frequency of the lamp power supply. Because a fixed volume of 
lamp current flows each time the voltage impressed on the lamp is reversed, the lamp power is proportional to the 
drive frequency. Therefore, by increasing that drive frequency, it is possible to increase the lamp power without the 
bad effects that would accompany an increase of the voltage impressed on the lamp. 

[0034] The basic constitution of the dielectric-barrier discharge lamp light source equipment is shown in figure 1 . In 
the figure, 1 is the dielectric-barrier discharge lamp described above, and 8 is the power supply. The power supply 8 
comprises a high-frequency alternating current power supply 9 of the bridge, push-pull or fly-back type, and a step-up 
transformer Tr. 

[0035] Typical waveforms for the voltage impressed on the lamp E(t), the discharge gap voltage (that is, the voltage 
of the discharge plasma space) Vl(t), lamp current ls(t) and discharge current ld(t) of a practical power supply are 
shown in figure 2 (the figure shows waveforms obtained from a computer simulation modelling the circuit and lamp 
based on a full-bridge power supply, but they would be basically the same with a half-bridge or push-pull type power 
supply). 

[0036] Now with regard to the discharge current ld(t), it is the current in the lamp flowing through the resistor in figure 
1 9(b), so the waveform cannot be measured directly, but if it is possible to measure the waveform data for the voltage 
impressed on the lamp E(t) and the lamp current ls(t), it can be calculated from the static capacitance C1 of the con- 
denser 1 2, which is the discharge plasma space shown in figure 1 9(b), the static capacitance C2 of the condenser 1 3 
which is the dielectrics 5,6, and floating static capacitance C3 which exists in parallel with the dielectric-barrier discharge 
lamp. 

[0037] That is, the static capacitance C1 of the condenser 12, which is the discharge plasma space, the static ca- 
pacitance C2 of the condenser 13 which is the dielectrics 5,6, and floating static capacitance C3 which exists in parallel 
with the dielectric-barrier discharge lamp determine the two relationships F = 1 + C1/C2 and Cv = C1 + C3 • F. Using 
that, the discharge current ld(t) can be found from the following formula (1). 

Id(t) = F - ls(t) - Cv . dE(t) / dt (1 ) 

[0038] Because this method uses numerical differentiation, the precision is not to good in regions where the current 
values of the waveform obtained as a result are small, but it does indicate the rapid rise when discharge commences, 
so there is no problem as long as it is used for that purpose. 

[0039] In figure 2, when the voltage impressed on the lamp E(t) suddenly changes polarity, the discharge gap voltage 
Vl(t) also makes a quick change, and when it reaches the voltage for the commencement of discharge at point G1 , 
discharge commences. When discharge commences, the discharge current waveform J1 (see the discharge current 
ld(t) waveform in figure 2), rapidly appears, and as a result the discharge gap voltage Vl(t) drops suddenly. In response 
to this sudden drop of the discharge gap voltage Vl(t) (that is, the voltage in the discharge plasma space), the voltage 
impressed on the lamp E(t) also drops, producing the indentation at point K. 

[0040] The point on the voltage impressed on the lamp waveform that corresponds to point J2 where the discharge 
current ceases is the point P1 with the largest absolute value, or slightly beyond that. In evaluating actual light source 
equipment, that point can be taken as located at the point P1 with the largest absolute value. 
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[0041] Thereafter, the change of the waveform of the voltage impressed on the lamp is reduced by C2/(C1+C2) 
times, and the waveform of the discharge gap voltage Vl(t) is expressed as is. 

[0042] As used here, C1 and C2 are the static capacitance C1 of the condenser 12, which is the discharge plasma 
space, and the static capacitance C2 of the condenser 1 3 which is the dielectrics 5,6, as described above. In the case 
s of a dielectric-barrier discharge lamp that has dielectrics 5,6 for both electrodes 3,4, C2 can be thought of as the 
independent static capacitance of each dielectric, in series. 

[0043] In a practical power supply, the voltage Impressed on the lamp has an indentation at point K for the following 
reason. In response to the sudden drop of the discharge gap voltage Vl(t) (which is the voltage of the discharge plasma 
space) described above, the voltage impressed on the lamp E(t) drops as well. The power supply 8 attempts to com- 

10 pensate for the drop in the voltage impressed on the lamp, but because of the presence of an inductive output imped- 
ance caused by the magnetic leakage of the step-up transformer or the inductance of the cable, compensation for the 
drop in the voltage impressed on the lamp is delayed, and as a result, the indentation in the direction of the greatest 
absolute value at point K is produced. Moreover, because of resonance between this inductive output impedance and 
the static capacitance of the dielectric-barrier discharge lamp 1 , an oscillating component is incorporated in the voltage 

15 impressed on the lamp following the indentation at point K. The points with greatest absolute value and least absolute 
value are produced on the waveform of the voltage impressed on the lamp as a result. 

[0044] Hereafter, the oscillation that follows the indentation at point K is called ringing, and its frequency is the ringing 
frequency Fr. The time period from the commencement of discharge at point K to the peak value of the voltage im- 
pressed on the lamp E(t) is called t, and the period from the peak P1 that appears after the indentation at point K to 
20 the next peak P2 is T1 2. 

[0045] This invention focuses on variation of the waveform of the voltage impressed on the lamp following the in- 
dentation at point K, and attempts to inject power into the dielectric-barrier discharge lamp effectively, without lowering 
the efficiency of ultraviolet light emission. 

[0046] That is, eximer molecules are produced by the discharge that occurs with the sudden rise or fall of the wave- 
25 form of the voltage impressed on the lamp E(t) as described above, and the eximer molecules are broken down if 
further discharge current is added in the period before the eximer molecules dissociate and produce ultraviolet radiation. 
Accordingly, it is desirable from the perspective of efficient production of ultraviolet radiation to cut off the discharge 
current quickly. 

[0047] Nevertheless, the discharge current continues from the commencement of discharge at the indentation at 
30 point K to the first peak of the voltage impressed on the lamp E(t). Therefore, if there is a long period x from the 
commencement of discharge until the voltage impressed on the lamp peaks, the efficiency of ultraviolet radiation is 
reduced as a result. 

[0048] Moreover, in the state where ringing occurs following the indentation at point K, the discharge current continues 
until the peak is reached. Thus when the ringing frequency is low, it takes longer for the discharge current to cease, 
35 and the efficiency of ultraviolet radiation is reduced as a result. 

[0049] In other words, a dielectric-barrier discharge lamp can be made to discharge without reducing the efficiency 
of ultraviolet light emission by shortening the period x from the commencement of discharge to the first peak of the 
voltage impressed on the lamp, or by increasing the ringing frequency Fr. 

[0050] In this case, the period t from the commencement of discharge to the first peak of the voltage impressed on 
40 the lamp and the ringing frequency Fr are generally determined by the impedance L and the static capacitance C of 
the circuit comprising the power supply 8 and the dielectric-barrier discharge lamp 1 . By making these values smaller, 
it is possible to shorten the time x, and to increase the ringing frequency. 

[0051] In this case the discharge ceases when the first peak P1 is passed (that is, the switch in figure 1 9(b) is opened 
at that time), so when the first peak P1 is passed, the waveform of the voltage impressed on the lamp E(t) oscillates 
45 up and down at a frequency determined by the static and floating capacitances of the condensers 12,13 and the circuit 
inductance L shown in figure 1 9(b). 

[0052] Because the discharge is completed immediately after the first peak P1 is passed, the period T12 from the 
first peak P1 to the second peak P2 will correspond to the period of oscillatory frequency determined by the static and 
floating capacitances of the condensers 12,1 3 and the circuit inductance L. 
so [0053] Generally it is possible to calculate the resonant frequency of an LC resonant circuit by the following formula: 

LC = 1/(2nf) 2 

55 [0054] Accordingly, given the inductance L and static capacitance C of the circuit above, the ringing frequency Fr is 
roughly determined by 1/{2n x V(LC)} and the value of the static capacitance C depends on the static capacity of the 
dielectric-barrier discharge lamp 1 , so to increase the ringing frequency Fr (shorten the period x) it is best to reduce 
the value of the inductance L. Specifically, it is possible to increase the ringing frequency Fr by reducing the coupling 



5 



EP1 176 853 A1 



inductance of the step-up transformer Tr. 

On the basis of the concept stated above, the Inventors investigated the relationship between the period t and the 
efficiency of ultraviolet light emittance during period T12 from peak P1 to peak P2. 

[0055] As a result, it was learned that, as shown in figures 8, 9 and 1 0 described below, it is possible to discharge 
a dielectric-barrier discharge lamp without reducing the ultraviolet light emission efficiency if the period x < 2.1 us, the 
period T1 2 < 3 u.s, or the ringing frequency Fr> 300 kHz. 

[0056] In this case, the ringing frequency Fr is roughly determined by 1/{2ti x V(LC)}, so it is best if LC is 2.8 x 1 0" 13 , 
where the unit of C is F (farad) and the unit of L is H (henry). 

[0057] Because the value of LC stated above is roughly determined by the static capacitance of the lamp 1 and the 
inductance of the transformer Tr, the inductance of the transformer Tr should be selected so that the vaiue of LC meets 
the condition stated above with respect to the static capacity of the lamp 1 . 

[0058] The measured value of the static capacitance C can be gotten from such things as the inductance while the 
lamp is burning. The measurement of L should be gotten by measuring the inductance on the secondary side of the 
transformer Tr with an impedance meter while recreating the state on the primary side based on the state immediately 
after the completion of discharge when lighting the lamp. 

[0059] If a full-bridge or half-bridge high-frequency alternating current power supply is used, for example, the induct- 
ance on the secondary side of the transformer can be measured while the primary side is shorted. In the case of a 
push-pull power supply, the inductance on the secondary side of the transformer can be measured by shorting the 
center of the primary side with one end, leaving the other end open. And in the case of a fly-back power supply, the 
inductance on the secondary side of the transformer Tr can be measured with the primary side open. 
[0060] Now, depending on the power supply 8 being used, sometimes the indentation at point K mentioned above 
will not appear clearly in the waveform of the voltage impressed on the lamp. The absence of a clear indentation in 
the waveform of the voltage impressed on the lamp is particularly frequent in the case of a fly-back power supply. In 
that case, the waveform of the discharge current ld(t) can be calculated, and the steepest part of its rise taken as the 
indentation. 

[0061] The invention described in claims 1 to 3 of this invention is one that defines the practical conditions for dis- 
charge in a dielectric-barrier discharge lamp with good efficiency, based on what is stated above; by fulfilling any of 
the following conditions, it is possible to make a dielectric-barrier discharge lamp discharge efficiently. 

(1 ) After passing the point in time when the voltage value to start a dielectric-barrier discharge is reached, voltage 
is impressed on the dielectric-barrier discharge lamp for a period of not more than 3 \is from the largest voltage 
value to the next largest voltage value. 

(2) Voltage is impressed on the dielectric-barrier discharge lamp for a period of not more than 2.1 u.s from the 
voltage value at which the dieiectric-barrier discharge commences until the maximum voltage value in the next 
round of voltage impression. 

(3) Taking L as the inductance and C as the static capacitance of the circuit comprising the power supply equipment 
and the dielectric-barrier discharge lamp, the inductance L and static capacitance C are selected to fulfill the fol- 
lowing formula: 

LC <2.8x 10' 13 

Brief Explanation of Drawings 

[0062] Figure 1 is a diagram showing the basic constitution of a dielectric-barrier discharge lamp light source. 
[0063] Figure 2 illustrates typical waveforms in an actual power supply for impressed lamp voltage E(t), discharge 
gap voltage Vl(t), current ls(t), and discharge current ld(t). 

[0064] Figure 3 is a circuit diagram showing one example of a lighting circuit (full bridge) for the dielectric-barrier 
discharge lamp of an implementation of this invention. 

[0065] Figure 4 shows waveforms to explain the operation of the lighting circuit in figure 3. 

[0066] Figure 5 shows measured data for the impressed voltage waveform E(t) and current waveform l(t) in the 
lighting circuit in figure 3. 

[0067] Figure 6 is an enlarged view of measured data for the impressed voltage waveform E(t) and current waveform 
l(t) in the lighting circuit in figure 3. 

[0068] Figure 7 is an enlarged view of the Y2 portion of figure 6, adding a calculated discharge current waveform ld(t). 
[0069] Figure 8 is a graph of the relationship between time t and light emission efficiency t\. 
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[0070] Figure 9 is a graph of the relationship between time T12 and light emission efficiency tj. 
[0071] Figure 10 is a graph of the relationship between ringing frequency Fr and light emission efficiency i\. 
[0072] Figure 1 1 shows the impressed voltage waveform E(t) and current waveform l(t) in the lighting circuit in figure 
3 when the ringing voltage is lowered to 250 kHz. 

[0073] Figure 12 is a diagram of the lighting waveform of another tamp. 

[0074] Figure 1 3 is an enlarged view of the 2 portion of figure 1 2, adding a calculated discharge current waveform ld(t). 
[0075] Figure 14 is a circuit diagram showing the constitution of another lighting circuit (push-pull). 
[0076] Figure 15 is a waveform diagram to explain the operation of the lighting circuit in figure 14. 
[0077] Figure 16 is a circuit diagram showing the constitution of a fly-back lighting circuit. . 

[0078] Figure 17 shows measured data for the impressed voltage waveform E(t) and current waveform l(t) in a fly- 
back lighting circuit. 

[0079] Figure 18 is a waveform diagram showing various values when a fly-back lighting circuit is used. 
[0080] Figure 1 9 is a diagram of a dielectric-barrier discharge lamp having two dielectrics pieces, and of an equiva- 
lence circuit to illustrate the electrical operation. 

Optimum Effect of Implementation of Invention 



[0081] The mode of implementation of this invention is explained below. 

[0082] Figure 3 is a circuit diagram showing one example of a lighting circuit for the dielectric-barrier discharge lamp 
20 of an implementation of this invention; the figure shows a dielectric-barrier discharge lamp lighting circuit that uses a 

full-bridge inverter circuit. In the figure, Lp is the primary coil of the step-up transformer Tr, and D1 through D4 are diodes. 

[0083] Figure 4 is a diagram that shows waveforms to explain the operation of the lighting circuit; it is a model 

representation of the waveforms in a case where there is no primary or secondary leakage inductance in the transformer, 

and the capacitive load continues without the discharge phenomenon. In the drawing, Q1 through Q4 are switching 
25 elements (FETs, for example), G1 through G4 are the gate signals of switching elements Q1 through Q4, Vp is the 

primary voltage of the step-up transformer Tr (hereafter "transformer Tr*), and Vs is the voltage on the secondary side 

of the transformer Tr. 

[0084] The operation of the lighting circuit in figure 3 is explained by figure 4. 

30 (a) When the first gate signal G1 and the.fourthgate signal G4 are turned ON, the gate drive circuits GD1 , GD4 

make the first switching element Q1 and the fourth switching element Q4 conductive (point (1) in the drawing); a 
direct current voltage from the direct current power supply DC is impressed on the primary side of the transformer 
Tr (point (2) in the drawing); and voltage is produced on the secondary side of the transformer Tr and the voltage 
is impressed on the dielectric-barrier discharge lamp 1 (point (3) in the drawing). 

35 

(b) When the first gate signal G1 and the fourth gate signal G4 are turned OFF (point (4) in the drawing), the first 
switching element Q1 and the fourth switching element Q4 are opened; the voltage Vp on the primary side of the 
transformer Tr and the voltage Vs on the secondary side of the transformer begin an unstable change at a speed 
related to the resonant frequency determined by the leakage inductance of the transformer Tr and the static ca- 

40 pacitance of the secondary side of the transformer Tr (points (5), (6) in the drawing). . 

(c) When the second gate signal G2 and the third gate signal G3 are turned ON, the gate drive circuits GD2, GD3 
make the second switching element Q2 and the third switching element Q3 conductive (point (7) in the drawing); 
a direct current voltage reversed from that in (a) above is impressed on the primary side of the transformer Tr; and 

45 a voltage reversed from that in (a) above is produced on the secondary side of the transformer Tr and the reversed 

voltage is impressed on the dielectric-barrier discharge lamp 1 (point (9) in the drawing). 

(d) When the second gate signal G2 and the third gate signal G3 are turned OFF (point (10) in the drawing), the 
second switching element Q2 and the third switching element Q3 are opened; the voltage Vp on the primary side 

50 of the transformer Tr and the voltage Vs on the secondary side of the transformer begin an unstable change at a 

speed related to the resonant frequency determined by the leakage inductance of the transformer Tr and the static 
capacitance on the secondary side of the transformer Tr (points (11), (12) in the drawing). 

(e) The operations (a) through (d) are repeated thereafter. 

55 

[0085] Figures 5 and 6 are measured data for the waveforms of the voltage impressed on the lamp E(t) and the 
current l(t) in the circuit described above. Figure 6 is an enlarged view of the Y1 portion of figure 5; the waveforms 
were measured under the conditions mentioned below. Now, these conditions are the conditions that most efficiently 
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light the lighting circuit of figure 3. 



Frequency: 




Transformer Tr 


Primary inductance: 
Secondary inductance: 
Coupling impedance: 


1 .42 mH 
204 mH 
.99955 


Dielectric-barrier discharge lamp 




Dielectric: 
Discharge gas: 
Discharge gap: 
Non-discharge static 
capacitance of lamp: 


quartz glass 1 mm thick 
xenon at 33 kPa 
4.3 mm 

84 pF 



[0086] Figure 7 shows the waveform of the discharge current ld(t) r the result of an analytical calculation, in addition 
to the waveforms of the voltage impressed on the lamp E(t) and the current l(t) shown in figures 5 and 6. It is an 
expanded view of portion Y2 of figure 6. The following conditions are used in the analytical calculation: 



Static capacitance C1 of discharge plasma space: 97.2 pF 
Static capacitance C2 of dielectric: 607 pF 

Floating capacitance C3: 70 pF 



[0087] The indentation at point K is clearly expressed in figure 7, and because the waveform of the discharge current 
ld(t) is rising sharply at that point Td, it is knowing that indentation point K is the beginning of the discharge. The time 
period from the indentation at point K to the first subsequent peak P1 is t, and the time period from the first peak P1 
to the second peak P2 is T1 2. Following the first peak P1 , there is oscillation in the voltage impressed on the lamp E(t). 
[0088] In the lighting circuit of figure 3, the lighting efficiency is found by adding inductance to the secondary side of 
the transformer Tr to adjust the ringing frequency (time period x or time period T12). 

[0089] Figures 8, 9 and 10 show the relationship between the lighting efficiency T| f found as described above, and 
the time period x, the time period T12 and the ringing frequency Fr. Figure 11 shows the waveforms of the voltage 
impressed on the lamp E(t) and the discharge current l(t) when the ringing frequency Fr is reduced to 250 Hz. 
[0090] As is clear from figures 8, 9 and 10, making the time period x no more than 2.1 u.s, the time period T12 no 
more than 3 us, or the ringing frequency Fr at least 300 Hz is effective in terms of increasing the efficiency. Now, the 
curves a, b and c in figures 8, 9 and 10 represent efficiency in the event of changes in the voltage impressed on the 
lamp. The voltage impressed on the lamp expressed by curve a is impressed voltage V1 , curve b is impressed voltage 
V2 and curve c is impressed voltage V3, such that V1 < V2 < V3. The relative volumes of light in these cases are 1 for 
curve a, 1 .33 for curve b and 1 .67 for curve c. 

[0091] Figure 12 shows measured data for the waveforms of the voltage impressed on the lamp E(t) and the lamp 
current ls(t). The drawing shows an example of a case where there is no clear voltage indentation at point K to indicate 
the beginning of discharge. 

[0092] In a case where there is no clear indentation at point K, the point at which discharge begins can be found by 
getting the waveform of the discharge current ld(t) from formula (1) above, using the static capacitance C1 of the 
condenser 12 which is the discharge plasma space, the static capacitance C2 of the condenser 13 which is the die- 
lectrics 5,6, and the floating capacitance C3 of the dielectric-barrier discharge lamp in parallel. 
[0093] Figure 13 is an expanded view of portion Z of figure 12, and shows the analytical calculation of the waveform 
of the discharge current ld(t) along with the waveforms of the voltage impressed on the lamp E(t) and the lamp current 
ls(t). Now, the experimental conditions for this drawing and for the analysis of the waveform of the discharge current 
ld(t) are as follows: 



Power supply inverter method: 


Push-pull 


Static capacitance C1 of discharge plasma space: 


8.7 pF 


Static capacitance C2 of dielectric: 


140 pF 


Floating capacitance C3: 


10pF 
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[0094] The time Td seen in figure 13 marks the rapid rise of the discharge current ld(t), and is known to be the 
beginning of discharge. Accordingly, the point on the waveform of the voltage impressed on the lamp E(t) corresponding 
to this Td is equivalent to the indentation at point K, and the time period x can be found by measuring the time from 
the indentation at point K to the next peak P1 . In this example, the first peak P1 and the second peak P2 are clearly 

s expressed, and the time period T12 can be gotten from the waveform of the voltage impressed on the lamp E(t). 

[0095] Figure 1 4 is a diagram showing an example of the constitution using a push-pull inverter circuit as the lighting 
circuit; figure 15 is a diagram of waveforms to explain the operation of that lighting circuit. Figure 15 shows model 
waveforms for a case where there is no leakage inductance on the primary or secondary sides of the transformer, and 
discharge does not occur so the capacitive load is continuous. In the drawing, G1 and G2 are the gate signals of the 

10 switching elements Q1 and Q2, V1 and V2 are voltages on the primary side of the transformer Tr, and Vs is the voltage 
on the secondary side of the transformer Tr. The operation of the lighting circuit of figure 3 is explained by figure 4. 

(a) When the first gate signal G1 is turned ON, the gate drive circuits GD1 makes the first switching element Q1 
conductive (point (1) in the drawing); and a direct current voltage from the direct current power supply DC is 

15 impressed on a coil L1 on the primary side of the transformer Tr (point (2) in the drawing). Because the coil L1 on 

the primary side of the transformer Tr and the coil Ls on the secondary side of the transformer Tr have opposite 
orientation, a voltage opposite that in the coil L1 on the primary side of the transformer is produced in the coil Ls 
on the secondary side of the transformer, and the voltage is impressed on the dielectric-barrier discharge lamp 1 
(point (3) in the drawing). 

20 

(b) When the first gate signal G1 is turned OFF, the first switching element Q1 is opened; the voltage V1 of the 
first coil on the primary side of the transformer Tr, the voltage V2 of the second coil on the primary side of the 
transformer Tr and the voltage Vs on the secondary side of the transformer begin an unstable change at a speed 
related to the resonant frequency determined by the leakage inductance of the transformer Tr and the static ca- 

25 pacitance of the secondary side of the transformer Tr (points (5), (6) in the drawing). 

(c) When the second gate signal G2 is turned ON, the second switching element Q2 becomes conductive (point 
(7) in the drawing); and a direct current voltage from the direct current power supply DC is impressed on the second 
coil L2 on the primary side of the transformer Tr (point (8) in the drawing). Because the coil L2 on the primary side 

30 of the transformer Tr and the coil Ls on the secondary side of the transformer Tr have the same orientation, a 

voltage with the same polarity as that in the coil L2 on the primary side of the transformer is produced in the coil 
Ls on the secondary side of the transformer, and the voltage is impressed on the dielectric-barrier discharge lamp 
1 (point (9) in the drawing). 

35 (d) When the second gate signal G2 is turned OFF, the second switching element Q2 is opened (point (10) in the 

drawing); the voltage V1 in the first coil on the primary side of the transformer Tr, the voltage 21 in the second coil 
on the primary side of the transformer Tr and the voltage Vs on the secondary side of the transformer begin an 
unstable change at a speed related to the resonant frequency determined by the leakage inductance of the trans- 
former Tr and the static capacitance of the secondary side of the transformer Tr (points (11), (12) in the drawing). 

40 

(e) The operations (a) through (d) are repeated thereafter. 

[0096] As is clear from the explanation above, when a push-pull type inverter circuit is used as the lighting circuit, 
the waveform of the voltage impressed on the dielectric-barrier discharge lamp is almost the same as when a full- 

45 bridge type inverter is used. The time period x, the time period T12 and the ringing frequency Fr can ail be found as 
described above. And although it is not illustrated, it is the same with the use of a half-bridge inverter circuit. 
[0097] Figure 1 6 is a diagram showing an example of the constitution using a fly-back inverter circuit as the lighting 
circuit; figure 17 is a diagram of waveforms to explain the operation of a fly-back inverter circuit as the lighting circuit. 
[0098] As shown in figure 1 7, when a fly-back inverter circuit is used as the lighting circuit, the waveforms of the 

50 voltage E(t) impressed on the dielectric-barrier discharge lamp and the lamp current ls(t) are much different from those 
when a full-bridge, half-bridge or push-pull inverter circuit is used. Nevertheless, it is possible to light the lamp with the 
same good efficiency by focusing on the change of the waveform of the voltage impressed on the lamp following the 
indentation at point K, even when using a fly-back type inverter circuit. 

[0099] The following is an explanation of the case of lighting a dielectric-barrier discharge lamp using a fly-back 
55 inverter circuit as the lighting circuit. 

[0100] Figure 18 is a model diagram based on simulation of the waveforms in figure 17 and circuit waveforms. In 
that drawing E(t) is the waveform of the voltage on the secondary side of the transformer Tr in figure 1 6 (the voltage 
impressed on the dielectric-barrier discharge lamp); ls(t) is the waveform of the lamp current; ld(t) is the discharge 
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current waveform found by analytical calculation; V.(t) is the waveform of the voltage on the switching element Q (an 
FET, for example), lq(t) is the waveform of the current through the switching element Q; lr(t) is the waveform of the 
current through the diode D1 ; ad G(t) is the gate signal input to the gate driver circuit GD. 
[0101] Figure 18 explains the operation of the lighting circuit shown in figure 17. 

(a) The gate signal G(t) is only turned on for the period from t1 to t2 f during which time there an almost linear 
increase of the current lq(t) flowing through the switching element Q, stopping abruptly at time t2. The magnetic 
energy stored in the core of the transformer Tr in response to the current lq(t) just before it is cut off is expressed 
as voltage on the primary and secondary sides of the transformer Tr, with the voltage in the secondary side of the 
transformer Tr stepped up in proportion to the winding ration of the transformer Tr; that secondary voltage is im- 
pressed on the dielectric-barrier discharge lamp 1 . 

(b) When the high voltage is impressed on the lamp 1, the lamp discharges at the instant ta, and an indentation 
at point K is produced in the waveform of the impressed voltage E(c) [sic]. However, the indentation at point K1 is 
not clear in figure 18. When the discharge occurs, the voltage on the discharge space is quickly neutralized and 
is almost zero. 



(d) Resonant oscillation of the voltage impressed on the lamp E(t) occurs at a frequency roughly determined by 
the static capacitance of the lamp 1 and the inductance of the secondary side of the transformer Tr. 

(e) When the voltage impressed on the lamp E(t) reaches a low voltage, a high voltage of opposite polarity occurs 
m the discharge space because to voltage in the discharge space was neutralized by the discharge at the instant 
ta. Therefore, at the instant Tb a second discharge occurs, producing the indentation at point K2 However the 
indentation at point K2 is not clear in figure 1 8. 

(f) Because the resonant oscillation of the voltage impressed on the lamp E(t) is expressed on the primary side of 
the transformer Tr as well, the voltage V.(t) of the switching element Q changes as shown in figure 18. 

(g) While the voltage V.(t) is positive, there is essentially no current flow on the primary side of the transformer Tr. 

[0102] However, in the event that a diode D1 is connected in parallel with the switching element Q, when the voltage 
V.(t) turns negative, there is a current flow through the diode D1 for time period Tz from t3 to t4. This can be interpreted 
as a rapid reduction of the large impedance on the primary side of the transformer. For that reason, the free resonant 
oscillation of the voltage impressed on the lamp E(t) is obstructed, and in response there is a time period Tr durinq 
which the change of voltage stops. 

[0103] As above, in the case of a fly-back type lighting circuit, the waveform of the voltage impressed on the lamp 
E(t) is relatively hard to understand, but the rise of the discharge current ld(t) starts instant discharges at times Ta and 
Tb, and the indentation at point K can be discriminated at that time. 

[0104] In other words, even when using a fly-back type inverter circuit, it is possible to find a time period t from the 
indentation at point K, which indicates the beginning of discharge, to the next peak. And it is possible to light the lamp 
with good efficiency by selecting an inductance for the transformer Tr such that the time period x will not exceed 2.1 jis 
[0105] Now, in the case of a fly-back type lighting circuit using a switching element Q with a reverse parallel diode 
connected (or incorporating a reverse parallel diode), as described above, there is a period Ts between the first peak 
P1 and the second peak P2 when the basically unnecessary change of voltage stops. For that reason, the period T12 
between the first and second peaks is meaningless, and the relationship is not shown in figure 9. 
[0106] In the event that the impedance of the circuit changes during operation, as above, attention is required in the 
application of this invention. Now, in the case of a full-bridge, half-bridge, push-pull or fly-back inverter circuit using a 
switching element to which a reverse parallel diode has been added (or in which one has been incorporated), the 
problem described above does not occur, since the primary side of the transformer is always connected to a power 
supply with low impedance. Nevertheless, if the gate signal is turned OFF and the currently flowing through the reverse 
parallel diode finally stops, the impedance thereafter is greater and the voltage impressed on the lamp E(t) will begin 
resonant oscillation at a frequency roughly determined by the static capacitance of the lamp and the inductance on 
the secondary side, and the ringing will die away. 

[0107] Now, it is possible that the discharge will not have been completed when the first peak is passed, but in that 
event, the period T12 will be slightly longer than the period of subsequent ringing. The extent to which it is longer will 
depend on the constitution of the lamp; that is, on the distribution of the sizes of the static capacitance C1 of the 
condenser 12 which is the discharge plasma space 2, and the static capacitance of the condenser 13 which is the 
dielectrics 5, 6. 
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[0108] Even in such a case, It is desirable to constitute the light source equipment so as to fulfill the specification 
T12 < 3 jis, if possible. 

[01 09] If, on the other hand, it is not possible to fulfill the specification T1 2 < 3 us in such circumstances , the discharge 
will generally grow weaker after the first peak has passed and there will be little effect on the efficiency of ultraviolet 
5 light emission, and so it will be sufficient to constitute the light source equipment so as to fulfill either the condition LC 
£ 2.8 x 1 0* 13 or the condition x £ 2.1 \is. 

[01 10] Now, this invention can be applied both to dielectric-barrier discharge lamps that emit ultraviolet light without 
a coating of fluorescent substance on the inner wall of the discharge chamber and dielectric-barrier discharge lamps 
that emit visible light with a coating of fluorescent substance on the inner wall of the discharge chamber. 

10 [0111] In the invention explained above, it is possible to quickly cut off a discharge current that would break down 
eximer molecules, and thus to improve the lighting efficiency of a dielectric-barrier discharge lamp using a practical 
power supply, by constituting the lamp such that (1) after passing the point in time when the voltage value to start a 
dielectric-barrier discharge is reached, voltage is impressed on the dielectric-barrier discharge lamp for a period of not 
more than 3 u,s from the largest voltage value to the next largest voltage value; or (2) voltage is impressed on the 

15 dielectric-barrier discharge lamp for a period of not more than 2.1 us from the voltage value at which the dielectric- 
barrier discharge commences until the maximum voltage value in the next round of voltage impression; or (3) taking 
L as the inductance and C as the static capacitance of the circuit comprising the power supply equipment and the 
dielectric-barrier discharge lamp, the inductance L and static capacitance C are selected to fulfill the formula LC < 2.8 
x10' 13 . 

20 

Potential for Industrial Use 

[0112] This invention is light source equipment that includes what is called a dielectric-barrier discharge lamp, cre- 
ating eximer molecules by means of a dielectric-barrier discharge and using the light radiated from the eximer mole- 
25 cules; it can be used as an ultraviolet light source for photochemical applications, for example. 



Claims 

30 1 . Dielectric-barrier discharge lamp light source equipment, having power supply equipment to impress high voltage 
on the electrodes of a dielectric-barrier discharge lamp, and having a dielectric-barrier discharge lamp with a dis- 
charge plasma space filled with a discharge gas in which a dielectric-barrier discharge will create eximer molecules, 
with a dielectric positioned between the discharge gas and at least one of a pair of electrodes that give rise to a 
discharge phenomenon in the discharge gas; 

35 

in which the power supply equipment impresses a high-voltage, roughly periodic waveform on the dielectric- 
barrier discharge lamp through a transformer; 

and in which, after passing the point in time when the voltage value to start a dielectric-barrier discharge is 
reached, voltage is impressed on the dielectric-barrier discharge lamp for a period of not more than 3 \ls from 
40 the largest voltage value to the next largest voltage value. 

2. Dielectric-barrier discharge lamp light source equipment, having power supply equipment to impress high voltage 
on the electrodes of a dielectric-barrier discharge lamp, and having a dielectric-barrier discharge lamp with a dis- 
charge plasma space filled with a discharge gas in which a dielectric-barrier discharge will create eximer molecules, 

45 with a dielectric positioned between the discharge gas and at least one of a pair of electrodes that give rise to a 

discharge phenomenon in the discharge gas; 

in which the power supply equipment impresses a high-voltage, roughly periodic waveform on the dielectric- 
barrier discharge lamp through a transformer; 
50 and in which voltage is impressed on the dielectric-barrier discharge lamp for a period of not more than 2.1 

jis from the voltage value at which the dielectric-barrier discharge commences until the maximum voltage 
value in the next round of voltage impression. 

3. Dielectric-barrier discharge lamp light source equipment, having power supply equipment to impress high voltage 
55 on the electrodes of a dielectric-barrier discharge lamp, and having a dielectric-barrier discharge lamp with a dis- 
charge plasma space filled with a discharge gas in which a dielectric-barrier discharge will create eximer molecules, 
with a dielectric positioned between the discharge gas and at least one of a pair of electrodes that give rise to a 
discharge phenomenon in the discharge gas; 
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in which the power supply equipment impresses a high-voltage, roughly periodic waveform on the dielectric- 
barrier discharge lamp through a transformer; 

and in which, taking L as the inductance and C as the static capacitance of the circuit comprising the power 
supply equipment and the dielectric-barrier discharge lamp, the inductance L and static capacitance C are 
selected to fulfill the formula LC < 2.8 x 1 0r 13 . 
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FIG. 1 




13 



EP1 176 853 A1 




EP 1 176 853 A1 



FIG. 3 
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FIG. 4 
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FIG. 5 
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FIG. 6 
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FIG. 7 
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FIG. 8 
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FIG. 10 
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FIG. 1 1 
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FIG. 12 
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FIG. 13 
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FIG. 15 
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FIG. 16 
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FIG. 18 
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